INTRODUCTION
============

The main purpose of restorative dentistry is to restore and maintain tooth health by an adequate restorative treatment in order to protect and re-establish pulp function. Pulp plays an important role in the formation and nutrition of dentin as well as in the inervation and defense of the teeth ([Figure 1](#f01){ref-type="fig"}).

![General view of the dentin-pulp complex. Below the tubular dentin (D) there is the predentin (Pd), which is underlined by the odontoblast layer (Od). Observe the cellfree zone of Weil -- horizontal arrow) and the cell-rich zone (vertical arrows). HE, ×64](1678-7757-jaos-17-06-0544-gf01){#f01}

The primary pulp function is dentin formation, which begins in the moment that the peripheric mesenchimal cells differentiate into odontoblasts and starts the deposition of collagen matrix, in a sequence of deposition/mineralization that ends with the complete tooth formation. Even after the initial formation, pulp continues to physiologically produce dentin due to the tooth aging. Reparative dentin may also be produced in response to physical and/or chemical injuries. Odontoblasts maintain their processes inside the newly formed tissue, thus creating real channels that are responsible for dentin nutrition. This is a continuous process while the pulp is biologically active. The transportation of fluids and nutrients maintains pulp vitality and the resilience necessary to neutralize the masticatory tension/stress of the dentin. Finally, the pulp is responsible for the response to different stimuli, which forms the defensive action and includes blood vessel dilatation and permeability, and the presence of inflammatory cells. When the stimulus does not exceed the pulp healing capacity, modification in the dentin-pulp complex may occur, including repair[@B67].

The protection of the dentin-pulp complex consists of the application of one or more layers of specific material between the restorative material and dental tissue to avoid additional challenge to the pulp tissue caused by operative procedures, toxicity of restorative materials and bacteria penetration due to microleakage. Protection of the dentinpulp complex has also the function to recover pulp vitality[@B08]. The materials that can be used for this purpose are varnishes, calcium hydroxide (CH)-based products, glass ionomer cements (GICs) and adhesive systems.

The biological compatibility of dental materials is of paramount importance to avoid or limit pulp tissue irritation or degeneration. Cytotoxicity and biocompatibility of materials used in dentistry have been widely studied in different cell cultures or in deep cavities with or without pulp exposure. The aim of this review article was to summarize and discuss the cytotoxicity and biocompatibility of materials used for protection of the dentin-pulp complex, some components of resin composites and adhesive systems when in direct or indirect contact with the pulp tissue.

LITERATURE REVIEW
=================

Pulp damage and repair
----------------------

Pulp tissue is constantly subjected to environmental impacts. These potential aggressions include microbial toxins, heat, mechanical trauma, restorative materials, cleaning solutions and cavity liner cements. Following various injuries, pulp cells have the intrinsic capacity to repair, differentiate into odontoblasts and produce various dentin matrix proteins during wound healing[@B11]. Thus, not all the inflammatory reaction results in permanent damage.

Some studies have shown that gingival[@B38],[@B51] and pulp[@B05],[@B13],[@B84] fibroblasts can secret many types of cytokines in response to various stimuli in the same manner as odontoblasts, endothelial cells and immune cells[@B27],[@B65],[@B78],[@B82]. Cytokines are proteins secreted by innate or adaptative immune cells that act stimulating these cells. Different cytokines are produced in response to microorganisms and other stimuli, triggering several responses in immune and inflammatory cells. Some cytokines have structural homology that stimulate leukocyte dislocation and regulate the migration of blood to the tissue, which are denominated chemoattractant cytokines. These are produced by various cell types in response to inflammatory stimuli, and consequently recruit leukocytes to the inflammation area[@B01]. Some studies have shown that pulp fibroblasts are real sources of chemokines[@B59],[@B61],[@B85].

When the injury is removed before pulp damage, a repair process begins[@B81] and collagen synthesis is accellerated in this phase [@B62]. The deposition of collagen in the pulp tissue is increased by the action of cytokines. Collagen synthesis can be improved by transforming growth factor (TGF)-β1 and TGF-β2 and interleukin (IL)-1β[@B05],[@B11]. Fibroblasts at an inflammatory microenviroment deposit collagen in a remarkable amount during the inflammatory process as opposed to normal conditions[@B05]. The collagen synthesis by fibroblasts during the inflammatory process is a key event for human pulp repair[@B11].

CH and mineral trioxide aggregate (MTA)
---------------------------------------

CH solutions have been largely used with increased frequency, due to their property of stimulating sclerotic and reparative dentin formation and protecting the pulp against termal stimuli and antibacterial action[@B30],[@B76]. The first formulation of CH was introduced in dentistry by Hermann (1920), and presented the capacity to induce pulp tissue to form a mineralized barrier, blocking the exposed surface. CH is a multipurpose agent and there are several indications for its clinical application. Some of its indications include direct and indirect pulp capping, apexogenesis, apexification and treatment of root resorption, iatrogenic root perforations, root fractures, replanted teeth and interappointment intracanal dressing[@B28]. CH is certainly one of the most studied dental materials and it is classically used as the gold standard in biocompatibility tests due to its direct or indirect effect on exposed pulp repair. It is the material of choice for all pulp conservative treatment because of its biological and therapeutic potential[@B25].

CH, in dry powder, suspension or cement form, has been recommended for the treatment of exposed pulp due to its beneficial properties, such as induction of mineralization and inhibition of bacterial growth[@B09]. Many studies indicate pulp repair and hard tissue barrier formation when exposed pulp tissue is directly capped with different CH formulations ([Figures 2](#f02){ref-type="fig"} and [3](#f03){ref-type="fig"}). In the clinical practice, the presence of hard tissue barrier after capping can be considered an asset, since it provides natural protection against the infiltration of bacteria and chemical products[@B44].

![Pulp exposure capped with calcium hydroxide (arrow). Observe that 30 days after the pulp therapy, a partial hard tissue barrier was formed adjacent to the capping agent. HE, ×32](1678-7757-jaos-17-06-0544-gf02){#f02}

![Sixty days after applying calcium hydroxide on the pulp tissue, a complete hard tissue barrier (HB) is formed. Note the tunnel defect (horizontal arrow) and cellular inclusions (vertical arrows) within the hard tissue barrier, which is underlined by a new layer of odontoblast-like cells. HE, ×125](1678-7757-jaos-17-06-0544-gf03){#f03}

However, the importance of calcified hard tissue barrier formation after capping has been challenged by other studies, which have shown multiple tunnel defects and cell inclusions in bridges following pulp capping with CH. This may lead to leakage and bacteria penetration into pulp tissue unlike the permanent seal produced by bonding agents[@B37],[@B69]. These tunnels not caused by the CH itself but are rather a consequence of the severity of the trauma to the pulp and the number of vessels injured during the mechanical exposure. It has been observed that inside the tunnels there are blood vessels, which maintain the calcium source to the necrotic tissue. The calcium ions in the necrotic layer are responsible for partial dystrophic calcification of the coagulation necrosis. Another type of defect in hard tissue barriers, when present, is represented by cellular inclusions generally situated between the coagulation necrosis and the calcification zone[@B69]. The presence of a hard tissue barrier must be recognized not only as a structural barrier against future injuries, but also as a sign of biological recovery, represented by odontoblast activity[@B76]. Yoshiba, et al.[@B86] reported findings that support the hypothesis that the differenciation of pulp cells into odontoblasts during reparative dentinogenisis is mediated by fibronectin, which is associated with the initially formed calcified layer after pulp capping with CH[@B86].

Capping of contaminated and inflamed dental pulps results in a remarkably high degree of healing, characterized by resolution of inflammation, reorganization of soft tissue, and formation of new hard tissue at the exposed site[@B76].

The mechanism of pulp repair using CH as a direct pulp capping agent is still not well understood. However, it has been reported that the high alkaline pH of CH solutions can solubilize and release some proteins and growth factors from dentin. These events may be responsible for the pulp repair and hard tissue barrier formation[@B40]. Due to its high pH, CH induces a coagulation necrosis layer when in direct contact with pulp tissue[@B43]. CH products do not act as bioestimulators neither are biocompatible to the pulp tissue. On the contrary, cells in contact with CH are killed due its alkaline pH, forming a necrotic layer (cauterization zone) of variable thickness. Then, rather than the pulp capping agent (CH), the subjacent pulp tissue is responsible for the pulpal healing associated with hard tissue barrier formation. Similar effects on pulp exposures are caused by cements that present high pH, such as different formulations of MTA cements[@B32].

Classical microscopic studies have shown that CH produces a superficial pulp necrosis and forms calcium carbonate, whose globules act, in a first moment, as dystrophic calcification nucleous, in the margin and in the interior of the dense reticular fiber deposition, immediately beneath the granular zone[@B43], where odontoblast-like cells differentiate and organize to produce dentin. The cauterization effect of CH is essential for the repair of exposed pulp[@B68].

It has been suggested that the pH increases due to the presence of free hydroxyl ions may initiate mineralization[@B80], although other alkaline compounds, such as barium hydroxide and calcium phosphate, failed in this process[@B55]. The alkaline pH can neutralize the lactic acid secreted by osteoclasts and may help preventing mineral tissue destruction. CH can act as a local buffer against the acid reactions produced by the inflammatory process[@B42]. Heithersay[@B31] (1975) suggested that the calcium ions can reduce capillary permeability, thus low intercellular fluid produces increasing calcium ions concentration at the mineralization area[@B42].

In spite of all these advantages, CH is soluble in water and acid and its physical properties are deficient[@B76]. The multiple tunnel defects present a morphological disruption of the dentin bridge barrier, in that they fail to provide not only a solid barrier, but also a long-term biological seal against bacterial infection. Consequently, the tunnels permit oral contaminants, such as bacteria and their toxic factors, to eventually gain access to the pulp tissue through the marginal gap formed at tooth/restoration interface[@B76]. The presence of bacteria and their products that penetrate via microleakage, and not the medicament *per* se, is the main factor responsible for pulp inflammation and necrosis[@B76].

MTA materials are a mixture of a refined Portland cement and bismuth oxide, and are reported to contain trace amounts of SiO~2~, CaO, MgO, K~2~SO~4~, and Na~2~SO~4~ [@B24]. Although it may be inferred that Portland cement could serve as a MTA substitute, it is important to emphasize Portland cement and MTA are not identical materials[@B70]. Few reports exist on the clinical applicability of Portland cement[@B14],[@B71]. MTA products have been reported to have a smaller mean particle size, contain fewer toxic heavy metals, has a longer working time, and undergo additional processing/purification than regular Portland cements[@B47]. Up to 2002, only one MTA cement, consisting of a graycolored powder, was commercially available. In the same year, white MTA (WMTA) was introduced as ProRoot-MTA (Dentsply, Tulsa, OK, USA) to address esthetic concerns[@B24]. After that time, two forms of MTA materials were categorized: the traditional gray MTA (GMTA) and WMTA. Scanning electron microscopy (SEM) and electron probe microanalysis characterized the differences between GMTA and WMTA, and revealed that the major difference between them is in the concentrations of Al~2~O~3~, MgO, and FeO[@B24]. WMTA was also reported to possess an overall smaller particle size than GMTA[@B26], while it was also suggested that the reduction in magnesium could also contribute to the lighter color of WMTA[@B24].

Calcium release from MTA materials diminishes slightly over time[@B26]. MTA materials were reported to form a porous matrix characterized by internal capillaries and water channels in which increased liquid/powder mixing ratio produced more porosity and increased solubility[@B33]. GMTA solubility levels have been reported to be stable over time, but the usually reported pH between 11 or 12 may slightly decrease[@B32]. The high pH level of MTA materials has led some authors to theorize that the biologic activity and its biocompatibility is due to the formation of CH[@B26],[@B32],[@B33]. Both WMTA and GMTA have been shown to possess antibacterial and antifungal activities, which are presumably due to its pH.

The cytotoxicity of GMTA, amalgam and ZOE was measured using a cell viability assay for mitochondrial dehydrogenase activity in human periodontal ligament fibroblasts after 24 h of exposure to extracts of varying concentrations of the tested materials, in both freshly mixed and 24-h set states[@B49]. In the freshly mixed state, the sequence of toxicity was amalgam \> Super-EBA \> MTA. In the 24-h set state, the sequence of toxicity at a low extract concentration was Super-EBA \> MTA, amalgam; while at higher extract concentrations it was Super-EBA\> amalgam \> MTA[@B49]. Similarly, another report reinforced that GMTA did not affect negatively human periodontal ligament fibroblast mitochondrial dehydrogenase activity[@B52]. WMTA, as well as CH and a ZOE sealer, was shown not to affect the cell viability or the prostaglandin E~2~ synthesis of murine macrophages and fibroblasts[@B54]. WMTA effect on dental pulp cell viability and proliferation has been evaluated using mouse MDPC-23 odontoblast-like cells and OD-21 undifferentiated pulp cells. After 24 h of exposure to WMTA, apoptosis was not induced in either cell line, and WMTA was reported to cause increase in DNA synthesis, suggesting a positive effect on cellular proliferation[@B56]. This was corroborated by another report that suggested that WMTA had a more stimulating effect on human dental pulp cells than a commercial CH preparation[@B79]. Some reports speculated that MTA material biocompatibility was derived from CH formation[@B24],[@B33].

A prospective study compared CH and GMTA as permanent dentition pulp-capping medicaments and concluded that CH specimens were hallmarked by tissue inflammation with a 0.15-mm thick dentinal bridge with adjacent pulp tissue necrosis noted at 6 months[@B02]. These findings were in contrast with those for GMTA specimens displaying mild tissue reactions with a 0.28-mm and 0.43mm dentin bridge noted at 2 and 6 months, respectively, as well as absence of pulp tissue inflammation, associated with a near-regular odontoblastic layer[@B02]. However, the authors did acknowledge a small sample size and the need for further studies. A second prospective study compared WMTA and a CH preparation as direct pulp cap medicaments and concluded that at 30 post-treatment days, WMTA group had 20 teeth with clinically normal pulpal status while three were diagnosed with reversible pulpal disease[@B48]. CH group showed 17 teeth with normal pulpal signs, 6 exhibited signs of reversible pulpal disease, and 1 was diagnosed with irreversible pulpal disease[@B48]. At the 136th recall day, all 23 teeth present for the WMTA group were clinically diagnosed as successful as well as 22 teeth of the CH group[@B48]. For use of MTA materials as direct pulp cap medicaments, the two clinical prospective studies suggest that both GMTA and WMTA may perform equally in comparison to traditional CH in non-carious mechanical pulp exposures in teeth with normal pulp tissue[@B70]. Although the initial results are positive, further clinical studies are needed, especially in more clinically relevant situations involving carious pulp exposures before MTA materials can be unequivocally indicated as direct pulp-capping agents[@B70]. The histologic pulpal response comparing WMTA to CH as pulpotomy dressings was investigated in premolars extracted for orthodontic purposes, reporting that WMTA induced a more homogenous and continuous dentin bridge with less pulpal inflammation than CH at both 4 and 8 weeks after treatment[@B10].

Reports have strongly suggested that the favorable biologic performance exhibited by MTA materials is due to hydroxyapatite formation when these materials are exposed to physiologic solutions. Although the overall results in human studies involving MTA materials are very positive, further longitudinal studies are encouraged, as at present insufficient well-designed and controlled clinical studies exist that allow systematic and meta-analysis review of MTA materials in all of its suggested clinical indications[@B57],[@B70].

Adhesive systems, resin composite and cell response
---------------------------------------------------

Although physical properties of resin composites are being improved constantly, *in vivo* studies have shown that the use of resins as restorative materials is occasionally associated with irritation and necrosis of the pulp[@B06],[@B75],[@B77] periodontal tissues[@B60]. Most components of the adhesive systems and resin composites, such as bisphenol A-glycidyl methacrylate (Bis-GMA), urethane dimethacrylate (UDMA), triethylene glycol dimethacrylate (TEG-DMA), camphoroquinone, 2-hydroxyethyl methacrylate (HEMA) and others, have been shown to have definite cytotoxicity when in direct contact with mammalian fibroblasts[@B39]. In that study[@B39], the most cytotoxic monomers were Bis-GMA and UDMA, which caused irreversible effects on the cellular metabolism[@B39]. These monomers, when applied on dentin discs, even in the presence of internal pressure, are able to diffuse through the dentinal tubules and reach the pulpal space in concentrations directly proportional to the molecular weight of the monomeric materials[@B07]. Resin composite components can be leachable when the degree of conversion is not reached[@B29] or when the resin is degraded by esterase from saliva or when hydrolytic degradation occurs[@B31].

Adhesive resin systems are used to enhance retention, reduce microleakage, and decrease postoperative sensitivity of composite resin restorations. *In vivo* studies have demonstrated that the application of an adhesive resin directly onto a site of pulp exposure, or to a thin layer of dentin (less than 0.5 mm), causes dilatation and congestion of blood vessels as well as chronic inflammatory pulpal response ([Figure 4](#f04){ref-type="fig"})[@B40],[@B41]. Complete polymerization of adhesive resins might be unachievable during direct pulp-capping procedures due to the presence of the pulpal edema. In additiom, it has benn shown that the oxygen prevents complete polymerization of adhesive resin monomers[@B34]. Consequently, unpolymerized monomers released from the resin-based material can diffuse directly into the pulp at the exposure site, as well as diffuse through the dentinal tubules to cause cytotoxic effects to the pulp cells[@B66].

![Exposed human pulp tissue capped with an adhesive system. Sixty days after the capping procedure the tooth was extracted and processed for histological evaluation of the pulp tissue. Note the presence of bonding agent (BA) on the pulp exposure site and inside of the connective tissue (BA -- arrow). Intense chronic inflammatoty reaction mediated by macrophages and a number of dilated and congested blood vessles (BV) is observed. HE, ×320](1678-7757-jaos-17-06-0544-gf04){#f04}

There is a dramatic difference in the responses of cells to the three conditions of polymerization (light curing for 0, 10 or 40 s). While unpolymerized and partially polymerized adhesive resin induced apoptosis very rapidly in macrophages, undifferentiated pulp cells (OD-21) and mouse odontoblast-like cells (MDPC-23), polymerized adhesive resin induced significant apoptosis only in macrophages. These findings might be explained by the lower leaching of toxic elements from polymerized as compared with unpolymerized adhesive resins, and underline the importance of thorough polymerization of the adhesive system before placement of the resin composite[@B53].

Although many resins present excellent physical and mechanical properties, when irradiated for short periods of time or with a low light intensity, inadequate conversion of the monomers may interfere negatively on mechanical properties and increase the resin cytotoxicity. Costa, et al.[@B18], 2003, in an *in vitro* study evaluated the cytotoxic effects of a restorative resin composite applied to an immortalized odontoblast cell line. The results suggest that the amount of unconverted monomers on dentin should be reduced to avoid diffusion of the residual monomers to the pulpal space, resulting in chemical damage to the pulp tissue. This may be accomplished by treating appropriated increments of restorative resin with adequate light intensity and the time of light curing, which will play an important role in converting uncured monomers into polymers[@B18].

Bonding agents have been found to release camphoroquinone, a photoinitiator and photosensitizer widely used to generate free radicals including reactive oxygen species[@B46]. It has been documented that the camphoroquinone acts not only as a cytotoxic agent, but also as a mutagen and its lixiviation may partly explain why these kind of resinous products are considered as toxic agents[@B46].

Although clinical and *in vivo* studies have shown a low incidence of unfavorable effects of dentin bonding systems, pathological changes of pulpal tissues, such as dilatation and congestion of blood vessels, inflammatory responses and production of irregular dentin as well as odontoblastic displacement or tooth sensitivity can occur after placement of composite restorations[@B75]. The monomers in contact with oxygen are not converted into polymers and will remain at the outer layer of the adhesive systems[@B29]. The unconverted monomers of the adhesive systems and resin composite in the cavity may diffuse to the pulp through dentinal fluid[@B66] and may cause adverse effects[@B35]. In addition, dentin bonding agents may be responsible for undesirable pulpal reactions when placed directly on the pulp or in deep cavities, due to the presence of Bis-GMA, which is the major component of most current bonding systems. Bis-GMA is easily solubilized from polymerized resins by solvents such as ethanol[@B39]. These pulp reactions can be related to components of the adhesive resins (TEGDMA and HEMA) that were shown to be soluble in aqueous solutions and cytotoxic to immortalized 3T3-fibroblast cultures[@B36].

The high concentration of HEMA present in primers and adhesive resins available in the dental market may promote remarkable cytopathic effects on cultured pulp cells, even after curing and rinsing the experimental materials in order to decrease the concentration of acidic and non-acidic agents, which are common ingredients of dentin adhesive resins[@B22]. When the adhesive system (Scotchbond MP; 3M/ESPE-Dental Products, St Paul, MN, USA) and the monomer HEMA (Polysciences, Inc., Warrington, PA, USA) were implanted in subcutaneous tissue of rats, persistent inflammatory reaction was observed adjacent to the material. This persistent inflammatory response was mediated by macrophages and giant cells and may be caused by partially or unpolymerized resin particulates that remain in contact with the connective tissue[@B21]. In another study in subcutaneous tissue of rats, the authors concluded that the adhesive systems applied directly on the tissue promote persistent inflammatory reaction that interfere with the healing, which indicates that these materials cannot be considered as biocompatible[@B16]. In addition, when the adhesive system is applied directly on exposed human pulps, it has been shown that there is no formation of hard tissue barrier or pulp tissue repair, but rather a persistent foreign-body reaction characterized by macrophages and giant cells adjacent to the pulp exposure site[@B03].

Several studies have suggested that an etch-and-rinse/bonding treatment of pulp exposures may also lead to tissue repair[@B23]. These studies support the hypothesis that pulps can heal after placement of acidic restorative system in deep cavities or even on exposed pulps, as long as the hemorrhage is controlled before placement of the adhesive system[@B64] and a hermetic seal against bacterial infiltration is guaranteed[@B69]. This concept is popular despite the fact that several *in vitro* and *in vivo* studies have shown the definite cytotoxicity of resin-based composites and their components applied to cell culture or in direct contact with subcutaneous tissue or pulp tissue in animals[@B69]. In human pulps, direct capping with bonding systems has shown different degrees of pulp inflammation, regardless of the presence of bacteria[@B40],[@B69]. These studies describe a persistent chronic inflammation with a considerable number of giant cells surrounding residues of adhesive scattered into the pulp tissue close to the exposure after a postoperative period of 180 days.

There are remarkable differences between the pulp responses to capping procedures with adhesive system and dental products with high pH, such as MTA and CH ([Figures 5](#f05){ref-type="fig"} and [6](#f06){ref-type="fig"}). These differences are related to the quality of pulp tissue, the nature and the degree of the inflammatory process and the quality of tissue repair after pulp capping. In short-term periods, pulps capped with the adhesive systems exhibited different degrees of inflammation in which mononucleated inflammatory cells predominate and the odontoblastic layer subjacent to the pulp exposure site is disrupted or sometimes absent, indicating a low tolerance of these cells close to the adhesive system[@B69].

![Pulp capped with a dental material that present high pH (MTA). Sixty days after the pulp therapy, a defined hard tissue barrier was formed, which was underlined by a new layer of odontoblast-like cells (arrow). Masson\'s Trichrome, ×86](1678-7757-jaos-17-06-0544-gf05){#f05}

![Pulp exposure capped with an adhesive system. Note that no hard tissue barrier was formed 60 days after the pulp therapy. Fragments of resinous material (arrows) are observed displaced to the pulp exposure site, which exhibits persistent inflammatory response. HE, ×125](1678-7757-jaos-17-06-0544-gf06){#f06}

In a previous study[@B69], the histological features of pulps capped with CH were different, with the migration of pulp cells subjacent to the pulp exposure site as early as 9 days after capping. The adjacent odontoblast layer, cell-free zone of Weil and the cell-rich zone were well preserved as well as the deeper structures of the pulp. These early manifestations of pulp repair coincided with a high rate of success found at the longest periods, when a normal pulp and a complete bridge formation were common events[@B69].

Only a few studies with human teeth have been performed to indicate whether or not dental materials can be used for pulp capping of dental cavities with or without pulp exposure. An adhesive system and a CH paste were placed directly on exposed pulps[@B40] and after seven days, a large area of neutrophil infiltrate underlying the adhesive system and death of adjacent odontoblasts were observed. The neutrophil reaction was replaced by fibroblast proliferation with macrophages and giant cells surrounding globules of resin scattered in the coronal pulp tissue. The persistent inflammatory reaction and hyaline alteration of extracellular matrix inhibited complete pulp repair or dentin bridging. In contrast, at the 7th day, the pulp tissue capped with CH exhibited odontoblast-like cells organized underneath a zone of coagulation necrosis, pulp repair and apparent complete dentin bridge formation after 60 days. These findings suggeste that adhesive systems seem to be indicated for direct pulp capping of human teeth[@B40].

There is a controversy concerning the use of animals for evaluation of the biocompatibility of dental materials. However, these studies remain the only acceptable manner of testing the biocompatibility[@B19]. The self-etching adhesive system Clearfil Liner Bond 2 V (Kuraray Co., Tokyo, Japan) and the resin-modified glass-ionomer cement Vitrebond (3M/ESPE) allowed pulpal healing characterized by cell-rich fibrodentin and tertiary dentin deposition as well as calcified barrier formation[@B19]. These results were obtained when these materials were placed on pulp exposures in class I cavities prepared on the occlusal surface of maxillary first molars of rats and compared with CH as control group. In the control group, it was observed an intense deposition of tubular reparative dentin continuous with the reactionary dentin deposited by primary odontoblasts around the pulp exposure site that gave rise to a defined calcified barrier[@B19]. The histological features observed in this specific *in vivo* study performed in rat teeth confirmed that the results observed in animal pulps cannot be directly extrapolated to human beings.

GICs and cell response
----------------------

GIC were developed by Wilson and Kent, in 1971, and introduced in the market in the early 1970s. Their popularity is due to the fact that these materials present several important properties such as fluoride release, coefficient of thermal expansion and modulus of elasticity similar to dentin, bonding to both enamel and dentin and biocompatibility[@B61]. Despite these advantages, conventional GICs possess limitations as restorative materials, which are related to their susceptibility to dehydration[@B12] and poor physical properties, such as high solubility and slow setting rate[@B58]. Developments in the field of GICs have led to the introduction of light-activated hybrid GIC versions creating the resin-modified GICs (RMGICs)[@B72]. The incorporation of polymerizable water-compatible monomers such as HEMA to the formulation of conventional GICs resulted in enhanced flexural strength, diametral tensile strength, elastic modulus and wear resistance[@B83], although they may not be as biocompatible as conventional GICs[@B74]. The incorporation of HEMA to the formulation of conventional cements has been proven to increase their toxic effects and as a consequence, RMGICs have been shown to be more cytotoxic than conventional GICs[@B04]. Although the degree of monomer conversion of the RMGICs has not been determined, several studies have demonstrated that measurable quantities of HEMA are released into the storage solutions used[@B04]. Leached residual HEMA can easily diffuse through the dentinal tubules due to its hydrophilicity and low molecular weight, thus reaching dental pulp cells[@B04]. The magnitude of the damage that may be caused by residual monomers to the pulp cells is inversely proportional to the remaining dentin thickness between the cavity floor and the pulp tissue[@B04]. One may expect that RMGICs might trigger an inflammatory reaction when applied directly in contact to the connective tissue[@B73].

To compare the cytotoxicity of five RMGICs and one metal-reinforced GIC, Stanislawski, et al.[@B74] carried out an *in vitro* pulp cell viability assay. The most toxic materials were the metal-reinforced GIC and RMGIC Vitremer (3M/ESPE), while the least toxic were the RMGICs Compoglass (Ivoclar Vivadent Ltda., São Paulo, SP, Brasil) and Photac Fil (3M/ESPE). This toxicity was due to the presence of unpolymerized monomers, such as HEMA and TEGDMA, and polyacrilic acid, which were leached from resin modified materials and metal-reinforced GIC. The main elements responsible for the toxicity of the metal-reinforced GIC were Cu^2^+ and Ag+ present in toxic concentrations. It was further analyzed the possible cytotoxicity of some ions that are present in significant amounts in GICs, such as F-, Al^3+^, Zn^2+^ and Sr^2+^. The zinc was the only component that was found to be of a sufficiently high concentration to induce cytotoxicity. These elements were present in the metal-reinforced GIC and may have contributed to its cytotoxicity[@B74].

Complementing the results presented above, the cytotoxic effects of five RMGICs and conventional GICs on an odontoblast cell line were studied. The GICs were the least cytotoxic experimental materials and the RMGICs caused intense cytophatic effects on the cultured cells decreasing significantly the cell metabolism as well as causing remarkable cell death. The high cytotoxic effects observed for RMGICs in that study may be caused by unreacted resin monomers rather than by other compounds such as F-, Al^3+^, Sr^2+^, Zn^2+^ which are present in the conventional GICs[@B17].

Although a true RMGIC must be capable of setting without being light-activated[@B45], higher levels of released HEMA are found when these cements are only allowed to cure chemically[@B04]. The liner RMGIC Vitrebond (3M/ESPE) releases a high concentration of HEMA monomer before immersion in distilled water, even when polymerized according to the manufacturer\'s recommendations, when compared to the amount released from the restorative RMGIC Vitremer (3M/ESPE)[@B04]. Other RMGIC toxic components, such as fluoride, aluminum, silver, siliceous, strontium, zinc and silicate, may also be released during the setting reaction or solubilization of the cement in a wet environment[@B04], but it was already mentioned that the ions released from the RMGIC are not sufficiently high to cause cytotoxic effects, except for Zn^2+^ [@B74].

Other studies affirm that conventional GICs are less cytotoxic than the RMGICs Vitrebond (3M/ESPE) and Vitremer (3M/ESPE), which caused intense cytophatic effects in cell cultures decreasing significantly the cell metabolism as well as causing remarkable cell death ([Figures 7](#f07){ref-type="fig"})[@B17],[@B63]

![Deep cavity was prepared in human premolar. In this figure it is shown the pulp tissue related to the cavity floor in which total etch was applied and an adhesive system and composite resin were used for cavity restoration. Sixty days after the clinical procedure the tooth was extracted and processed for histological evaluation. Note the intense inflammatory response as well as the zone of inner dentinal resorption (arrow). HE, ×160](1678-7757-jaos-17-06-0544-gf07){#f07}

The adverse effect caused by Vitremer (3M/ESPE) was attributed to the leaching of at least two components of polyacidic phase (HEMA) as well as unidentified acidic species[@B63]. Other authors compared the toxicity of 9 types of GICs on cultured human dental pulp cells and concluded that RMGICs are more toxic to pulp cells than conventional GICs. Consequently, the application of RMGICs directly onto dental pulp cells is not recommended[@B50]. However, current *in vivo* studies performed in human teeth have demonstrated that the RMGIC Vitrebond (3M/ESPE) applied as a liner in very deep class V cavities caused no inflammatory pulp response[@B15],[@B20]. In this way, it seems that the presence of a dentin barrier between this kind of light-cured RMGIC and the pulp cells may prevent pulpal damage.

Before initiating any restorative procedure, it is important to select the most appropriate dental materials to be used for each case. Attention should be taken not only to the handling characteristics of the materials, but also to the possible cytotoxic effects that they may cause to the oral mucosa and teeth. Within the experimental limitations of the ISO recommendations for *in vivo* testing of dental materials, which do not allow direct extrapolation of the results to clinical situations, researchers and clinicians must be aware that all clinical procedures in dentistry must be carried out based on scientific evidence.

CONCLUSION
==========

Based on this literature review, it may be concluded that:

1.  Calcium hydroxide products are the best choice for conservative treatment of the pulp due to their therapeutic and biological potential and the property of stimulating the formation of sclerotic and reparative dentin as well as protecting the pulp against thermal stimuli.

2.  Monomers present in resin composites and adhesive systems (e.g.: BISGMA, UDMA, TEGDMA, HEMA) have been shown to have cytotoxic effects as a consequence of direct contact with fibroblasts and may be leached during the polymerization when the conversion degree is not fully reached.

3.  In human pulps, direct pulp capping with adhesive systems produces different degrees of pulp inflammation, even without bacterial presence and absence of dentin bridge formation as well as pulp repair. Some studies support the idea that when hermetic seal of cavity is obtained, the dentinpulp complex protection materials are unnecessary and they not influence the pulp repair, but hermetic seal of the restoration is difficult to be obtained.

4.  4RMGICs are more cytotoxic to the pulp cells than conventional GICs due to the presence of unpolymerized monomers, and should not be applied directly to the pulp tissue.
